Although the number of reports demonstrating the roles of individual aquaporins in plants under diverse physiological conditions is expanding, the importance of interactions between different aquaporin isoforms and their integrated functions under stress conditions remain unclear. Here, we expressed one cucumber aquaporin gene, designated CsPIP1;1, and one figleaf gourd aquaporin gene, designated CfPIP2;1, in Arabidopsis thaliana, and investigated the effect of its expression on the natural expression patterns of endogenous PIP genes under stress conditions. The transcript levels of endogenous Arabidopsis PIP members were altered differently depending on stress conditions by the expression of CsPIP1;1 or CfPIP2;1. The transgenic Arabidopsis plants that constitutively express CfPIP2;1 displayed better growth compared with the wild-type plants under dehydration stress conditions, whereas CsPIP1;1 expression exerted a negative effect on the growth of Arabidopsis under dehydration stress conditions. CsPIP1;1 or CfPIP2;1 expression facilitated seed germination under high salt stress conditions, but had no influence on the growth of Arabidopsis under cold stress conditions. Our results indicate that the ectopic expression of a foreign aquaporin gene perturbs differently the natural expression patterns of endogenous aquaporin genes depending on particular stress conditions, and thereby influences the responses of plants to different stress conditions. This implies that the up-and/or down-regulation of aquaporins and their integrated functions are crucial to the maintenance of proper water balance under stress conditions.
Introduction
Major intrinsic proteins (MIPs) are membrane proteins that mediate the movement of water across membranes and regulate root hydraulic conductivity in response to changing environmental conditions. The large and evolutionarily conserved family of MIPs has evolved to facilitate the flow of small molecules such as water and/or glycerol across the hydrophobic interiors of the membranes. Plant MIPs can be classified into four subfamilies on the basis of their sequence similarity (Johanson et al. 2001) . Two of the subfamilies, namely the plasma membrane intrinsic proteins (PIPs) and tonoplast intrinsic proteins (TIPs), are named in accordance with their primary locations within the cell. The third subfamily, referred to as either the NOD26-like MIPs (Weig et al. 1997) or the NOD26-like intrinsic proteins (NIPs) (Heymann and Engel 1999) , was initially identified in the membranes of root nodules in soybean (Glycine max) (Fortin et al. 1987) . The fourth MIP subfamily, referred to as the small basic intrinsic proteins (SIPs) and consisting of relatively small and basic proteins, was first proposed in plants (Chaumont et al. 2001) . The properties, subcellular localization, primary transport and regulation of plant aquaporins have been described in detail (Scha¨ffner 1998 , Tyerman et al. 1999 , Baiges et al. 2002 , Javot and Maurel 2002 , Tyerman et al. 2002 , Kaldenhoff and Fischer 2006 , Maurel 2007 .
The water transport activity of some aquaporin genes has been verified both in vitro, using a Xenopus laevis oocyte system, and in vivo, via the expression of an antisense construct of PIPs in Arabidopsis thaliana (Kaldenhoff et al. 1998 , Martre et al. 2002 and tobacco (Siefritz et al. 2002) . The cellular function of specific aquaporin homologs can be inferred on the basis of distinct subcellular localizations or tissue-specific expression patterns. Investigations into the function of specific isoforms constitute a crucial objective for the implementation of our molecular understanding of water relations in plants. Moreover, the significance of each aquaporin in different parts of plants under various physiological conditions must be verified. The rapid regulation of individual aquaporin genes in response to salt, drought or cold stress has been reported in several plant species (Kawasaki et al. 2001 , Smart et al. 2001 , Jang et al. 2004 , Alexandersson et al. 2005 , Boursiac et al. 2005 , Sakurai et al. 2005 , Zhu et al. 2005 , Aroca et al. 2006 , Yu et al. 2006 , Galmes et al. 2007 , Secchi et al. 2007 ). It was demonstrated that aquaporin down-regulation is the principal cause of saltinduced reduction in hydraulic conductivity in plants (Carvajal et al. 1999 , Martinez-Ballesta et al. 2003 . Recent physiological and genetic studies have provided compelling evidence for a role for aquaporins in the regulation of water transport under stress conditions (Martre et al. 2002 , Siefritz et al. 2002 , Aharon et al. 2003 , Katsuhara et al. 2003 , Tournaire-Roux et al. 2003 , Lian et al. 2004 , Yu et al. 2005 , Jang et al. 2007b , Peng et al. 2007 ). However, the molecular and cellular mechanisms relevant to the regulation of aquaporin under stress conditions remain to be clearly elucidated. Moreover, the importance of interactions between different aquaporin isoforms and their integrated functions in a variety of physiological processes remain poorly understood. Until now, there have only been a few reports demonstrating that PIP1 interacts with PIP2 in oocytes. It has been shown that maize ZmPIP1 and ZmPIP2 aquaporins interact together physically, and the interactions between PIP1 and PIP2 are important for their water channel activity (Fetter et al. 2004 ). In the analysis of water channel activity in oocytes, Temmei et al. (2005) showed that water channel activities of PIP1 and PIP2 isolated from Mimosa pudica are regulated by direct physical interaction and phosphorylation.
To gain further insight into the importance of interactions between different aquaporin isoforms and their integrated functions under a variety of physiological conditions, it is important to determine the effect of ectopic expression of foreign aquaporin on the natural expression patterns of endogenous aquaporin genes under different environmental conditions. Herein, as a step toward understanding the possible interactions between different PIP isoforms and their integrated functions in plants under different stress conditions, we aimed to express a foreign aquaporin gene in Arabidopsis plants.
The genes encoding PIP-type aquaporin were isolated from cucumber (Cucumis sativus) and figleaf gourd (Cucurbita ficifolia) that have been used as the model plants in our group to study water relations under stress conditions. Our previous results showed that gating of aquaporins is different in the roots of chilling-sensitive cucumber and chilling-tolerant figleaf gourd under low temperatures (Lee et al. 2005a , Lee et al. 2005b . In this work, we expressed the two PIPs isolated from cucumber and figleaf gourd in Arabidopsis thaliana, and investigated the effect of their ectopic expression on the natural expression patterns of endogenous PIPs and the responses of the transgenic plants to different stress conditions.
Results
Isolation and characterization of the genes encoding CsPIP1;1 and CfPIP2;1
Both PCR amplification and cDNA library screening were employed to isolate the PIP genes expressed in the cucumber and figleaf gourd. Two cDNAs encoding aquaporin were isolated from the cucumber and figleaf gourd cDNA libraries. Comparison of the amino acid sequences of the two aquaporins with those of Arabidopsis aquaporin revealed that the PIP isolated from the cucumber is a PIP1-type aquaporin, and thus was named CsPIP1;1, and the PIP isolated from the figleaf gourd is PIP2-type aquaporin, and was thus named CfPIP2;1. 0 -untranslated region and a 313 bp 3 0 -untranslated region, including a 19 bp long poly(A) tail. The deduced protein has a predicted molecular mass of 30.1 kDa and a predicted isoelectric point of 8.02. Analysis of the water permeability of CsPIP1;1 and CfPIP2;1 in X. laevis oocytes showed that the volume of oocytes injected with CfPIP2;1 increased noticeably in the 5-fold diluted buffer solution, while the volume of oocytes injected with CsPIP1;1 was not changed noticeably in the 5-fold diluted buffer solution. From the initial rate of increase in oocyte volume, we calculated the osmotic permeability coefficients (P f s), and compared them with those of water-injected control oocytes (Table 1) . These results indicate that CfPIP2;1, but not CsPIP1;1, has water channel activity in an oocyte system. Effect of abiotic stresses on the expression of CsPIP1;1 and CfPIP2;1
The tissue-specific expression patterns of CsPIP1;1 and CfPIP2;1 were examined in cucumber and figleaf gourd plants, respectively. As shown in Fig. 1A , CsPIP1;1 was abundantly expressed in the roots as compared with the stems and leaves, and CfPIP2;1 was expressed more abundantly in the roots and leaves than in the stems.
To determine the effects of various abiotic stresses, including cold, drought and high salinity, on the transcript levels of CsPIP1;1 and CfPIP2;1, the plants were subjected to the indicated treatments, and the expression levels of the gene were evaluated via real-time reverse transcription-PCR (RT-PCR) with gene-specific primers. To make sure the observed expression patterns depend on stress responses but not on diurnal rhythm, the transcript levels of the aquaporins in non-stressed control plants were also measured at each time point. As shown in Fig. 1C and D, dehydration stress most significantly altered the expression of CsPIP1;1; the level of CsPIP1;1 expression was reduced to one-sixth after 24 h of dehydration stress treatment. In comparison, CfPIP2;1 expression initially increased during the first 4 h of dehydration stress, and then declined to pre-stress levels. When subjected to cold stress, the level of CsPIP1;1 expression remained constant during the first 4 h, and then gradually declined to lower levels, while the level of CfPIP2;1 expression increased gradually during the application of cold treatment. The transcript levels of CsPIP1;1 and CfPIP2;1 increased under salt stress, in that CsPIP1;1 was up-regulated 2-fold and CfPIP2;1 was up-regulated by up to 4-fold during the 48 h of salt stress.
Effect of CsPIP1;1 or CfPIP2;1 expression on the transcript levels of 13 PIP genes of Arabidopsis plants under stress conditions To determine whether the ectopic expression of the aquaporins isolated from cucumber and figleaf gourd alters the natural expression patterns of endogenous PIP genes in Arabidopsis plants, and thus influences the responses of plants to different stress conditions, we generated transgenic Arabidopsis plants that constitutively expressed CsPIP1;1 or CfPIP2;1 under the control of the cauliflower mosaic virus 35S promoter (35S::CsPIP1;1 or 35S::CfPIP2;1 plants), and the expression of CsPIP1;1 and CfPIP2;1 in the T 3 transgenic plants was verified by RT-PCR analyses (Fig. 1B) . It is probable that the constitutive expression of a foreign aquaporin in a given plant may disrupt the natural expression patterns of endogenous aquaporin genes, which, in turn, influence the different responses of transgenic plants to various abiotic stresses. Therefore, we attempted to determine, by real-time RT-PCR analysis using the genespecific primers reported in Jang et al. (2004) , whether the transcript levels of 13 PIP genes are modulated by the expression of CsPIP1;1 or CfPIP2;1 in the transgenic Arabidopsis plants, under both normal and stress conditions. As shown in Fig. 2 , the expression levels of 13 PIPs were altered in different ways by the expression of CsPIP1;1 or CfPIP2;1 in Arabidopsis plants under different stress conditions. The transcript levels of 13 PIPs did not vary noticeably in transgenic plants when grown in normal MS medium, with the exception of the down-regulation of PIP2;4 and the up-regulation of PIP2;8 ( Fig. 2A) . However, it was apparent that the transcript levels of several PIP genes varied more significantly in the transgenic Arabidopsis plants when they were subjected to dehydration stress with 200 mM mannitol for 24 h ( transcript levels of PIP1;5 and PIP2;2 increased only marginally in the 35S::CsPIP1;1 plants as compared with the wild-type plants under dehydration stress conditions. The PIP2;4 expression increased by 42-fold in both the 35S::CsPIP1;1 plants and 35S::CfPIP2;1 plants under dehydration stress conditions, as compared with the wild-type plants. In comparison, the expression levels of PIP2;5 and PIP2;8 were reduced in the transgenic plants under dehydration stress conditions, as compared with the wild-type plants (Fig. 2B) . When the transgenic plants were subjected to salt stress, the expression levels of PIP2;2 and PIP2;4 increased in the 35S::CsPIP1;1 plants and 35S::CfPIP2;1 plants, respectively, while the transcript levels of PIP2;5, PIP2;6 and PIP2;7 were reduced in the transgenic plants as compared with the wild-type plants under salt stress conditions (Fig. 2C) . These results clearly demonstrated that the ectopic expression of a foreign aquaporin gene disrupts the natural expression patterns of PIP genes in Arabidopsis plants under stress conditions.
Response of CsPIP1;1-or CfPIP2;1-expressing plants to dehydration stress To assess the effects of CsPIP1;1 or CfPIP2;1 expression on the responses of the plants to diverse growth conditions, we analyzed the seed germination and seedling growth of the wild-type and transgenic plants under different growth conditions. When grown under favorable growth conditions, no significant differences in germination and seedling growth were observed between the wild-type and transgenic lines (data not shown). We then evaluated the effects of CsPIP1;1 or CfPIP2;1 expression on the germination and growth of Arabidopsis plants under dehydration stress conditions. When the seeds of the wild-type, 35S::CsPIP1;1 and 35S::CfPIP2;1 Arabidopsis plants were germinated in the presence of 25% PEG8000, approximately 70% of the wild-type and 35S::CfPIP2;1 seeds germinated at day 2, while only 45-55% of the 35S::CsPIP1;1 transgenic seeds germinated at day 2 (Fig. 3A) . To assess further the effects of CsPIP1;1 or CfPIP2;1 expression on the growth performance of Arabidopsis plants under drought stress, water was withheld from 2-week-old Arabidopsis plants, and the phenotypes of the plants were monitored for several days. It was apparent that the 35S::CsPIP1;1 plants wilted far more quickly and survived for significantly less time than did the wild-type plants, whereas the 35S::CfPIP2;1 plants survived better than the wild-type plants (Fig. 3B) negatively affects the seed germination and growth of Arabidopsis, whereas CfPIP2;1 expression positively affects plant growth under drought stress conditions.
Response of CsPIP1;1-or CfPIP2;1-expressing plants to salt stress The effects of CsPIP1;1 or CfPIP2;1 expression on the germination and seedling growth of Arabidopsis plants under salt stress conditions were also tested. When the seeds of the wild-type and transgenic plants were permitted to germinate in the presence of 50-125 mM NaCl, no significant differences in germination rates were observed between the wild-type and transgenic plants. However, when the seeds were germinated in the presence of 150 mM NaCl, the transgenic plants germinated more effectively than did the wild-type plants (Fig. 4A) . These results indicate that CsPIP1;1 or CfPIP2;1 expression enhances the germination of Arabidopsis plants under high salt conditions. To determine whether the expression of CsPIP1;1 or CfPIP2;1 impacts the growth of Arabidopsis under high salt stress conditions, the seeds of wild-type and transgenic plants were allowed to germinate fully on normal MS medium, and the 5-day-old seedlings were transferred to MS medium supplemented with 100-200 mM NaCl. No differences in root growth were detected between the genotypes (data not shown), indicating that the expression of CsPIP1;1 and CfPIP2;1 affect the Arabidopsis growth only during the germination stage.
Response of CsPIP1;1-or CfPIP2;1-expressing plants to cold stress
As cold stress induced a reduction in CsPIP1;1 expression and an increase in CfPIP2;1 expression, it was expected that CsPIP1;1 and CfPIP2;1 would have impacts on plant growth and water transport under cold stress conditions. We assessed this hypothesis by comparing the germination and seedling growth of the transgenic plants with those of wild-type plants under cold stress conditions. When the seeds were incubated at a low temperature (128C), the seeds of the wild-type, 35S::CsPIP1;1 and 35S::CfPIP2;1 plants germinated with no noticeable differences (Fig. 4B) . To determine whether CsPIP1;1 or CfPIP2;1 contributed to the growth of Arabidopsis under cold stress conditions, the seeds of the wild-type and transgenic plants were permitted to germinate fully for 3 d at normal growth temperature, and the germinated seedlings were transferred to a low temperature (12 or 158C). As shown in Fig. 4C , no significant differences in seedling growth were detected between the wild-type and transgenic Arabidopsis plants under cold stress conditions. These results demonstrate that the expression of CsPIP1;1 or CfPIP2;1 exerts no influence on the germination and seedling growth of transgenic Arabidopsis plants under cold stress conditions.
Discussion
Although the isolation of the genes encoding aquaporin and the analysis of stress-responsive regulation of aquaporins by environmental stimuli have been undertaken in a variety of plant species, there have as yet been only a few reports elucidating the interactions between different aquaporin isoforms and their integrated functions in plants under stress conditions. The present results showed that the expression of a foreign aquaporin in a given plant species disrupts the natural expression patterns of endogenous aquaporins within the plant, which results in different responses of the plant to various stress conditions. In the analysis of the 13 PIPs in the transgenic Arabidopsis plants, it was apparent that the expression of PIP members was modulated differently by the ectopic expression of CsPIP1;1 or CfPIP2;1. The expression of several PIPs, including PIP1;5, PIP2;2, PIP2;4, PIP2;5, PIP2;6 and PIP2;8, was affected noticeably under dehydration stress conditions (Fig. 2B) . It was noteworthy that the expression of PIP1;5, PIP2;2 and PIP2;4, the natural expression of which was markedly down-regulated in Arabidopsis plants under dehydration stress conditions (Jang et al. 2004) , was increased most significantly by the ectopic expression of CsPIP1;1 or CfPIP2;1. The expression level of PIP2;8, the natural expression of which was down-regulated in Arabidopsis plants under dehydration stress conditions (Jang et al. 2004) , was decreased most significantly by the ectopic expression of CsPIP1;1 or CfPIP2;1 under dehydration stress conditions. The expression of Arabidopsis PIPs, including PIP2;2, PIP2;4, PIP2;5, PIP2;6 and PIP2;7, was noticeably affected by the ectopic expression of CsPIP1;1 or CfPIP2;1 in Arabidopsis under salt stress conditions (Fig. 2C ). Interestingly, the transcript level of PIP2;2, the natural expression of which was marginally increased in Arabidopsis under salt stress conditions (Jang et al. 2004) , was increased most significantly by the ectopic expression of CsPIP1;1 under salt stress conditions. The transcript level of PIP2;7, the natural expression of which was up-regulated in Arabidopsis plants under salt stress conditions (Jang et al. 2004) , decreased most significantly by the ectopic expression of CsPIP1;1 or CfPIP2;1 under salt stress conditions. These results indicate that the natural expression patterns of aquaporin family members are perturbed by the expression of a particular aquaporin, and it appears that the expression of PIP2-type aquaporins is more significantly affected compared with the PIP-1 type aquaporins by the ectopic expression of CsPIP1;1 or CfPIP2;1 under stress conditions. The different effect of CsPIP1;1 or CfPIP2;1 expression on the transcript levels of endogenous PIPs may result from the different water channel activity between the PIP2 family members and the PIP1 family members; only the PIP2 family members but not the PIP1 family members exhibit water channel activity in an oocyte system (Table 1 and Chaumont et al. 2000) . This finding suggests the importance of interactions between aquaporins for maintaining proper water balance under stress conditions and for their water channel activities, as revealed previously (Fetter et al. 2004 , Temmei et al. 2005 ). Although we do not know at present whether CsPIP1;1 and CfPIP2;1 interact physically with endogenous PIPs in Arabidopsis, this observation led us to propose that CsPIP1;1 and CfPIP2;1 affect the expression levels of PIPs to maintain proper water balance during stressful conditions, and thereby cope with changing environmental conditions.
The outcome of the ectopic expression of a PIP-1-type aquaporin gene isolated from the cucumber or a PIP-2-type aquaporin isolated from the figleaf gourd was the different responses of the transgenic Arabidopsis plants to various abiotic stresses. The observed responses of the transgenic Arabidopsis plants to different stress conditions are closely correlated with the natural expression patterns of CsPIP1;1 and CfPIP2;1 in cucumber and figleaf gourd, respectively. The expression of CsPIP1;1, which was reduced markedly by dehydration stress (Fig. 1) , delayed seed germination and plant growth under dehydration stress conditions (Fig. 3) , whereas the expression of CfPIP2;1, which was increased by dehydration stress (Fig. 1) , resulted in a substantial augmentation of the survival rates of the plants under dehydration stress conditions (Fig. 3) . It was also apparent that the expression of CsPIP1;1 or CfPIP2;1, which was increased by salt stress, facilitated the seed germination of the plants under high salt stress conditions.
Conflicting results were previously reported regarding the effects of overexpression or knockout of a specific aquaporin isoform on plant responses to drought stress. The overexpression of a specific type of aquaporin resulted in either a beneficial effect (Siefritz et al. 2002 , Lian et al. 2004 , Prudent et al. 2005 , Yu et al. 2005 , Guo et al. 2006 , Peng et al. 2007 ) or a harmful effect (Aharon et al. 2003) under drought or dehydration stress conditions. Our present data demonstrated that the expression of CsPIP1;1 and CfPIP2;1 resulted in a harmful effect and beneficial effect, respectively, under dehydration stress conditions. The effects of the overexpression or knockout of a specific aquaporin isoform on plant responses to salt stress are also controversial, and it has been demonstrated that the overexpression of a specific type of aquaporin resulted in either no beneficial effect (Aharon et al. 2003) , a beneficial effect (Guo et al. 2006 , Peng et al. 2007 ) or a harmful effect (Katsuhara et al. 2003) under salt stress conditions. Exposure to high salinity triggers cell osmotic adjustment and the control of water uptake and loss, and one of the primary responses of plants to salt is the inhibition of their root water uptake capacity. It has been demonstrated in several plant species that the downregulation of aquaporin is the principal cause of saltinduced reduction in hydrostatic hydraulic conductivity (Carvajal et al. 1999 , Martinez-Ballesta et al. 2003 . The present results indicated that CsPIP1;1 or CfPIP2;1 expression in Arabidopsis plants influences the seed germination, but not the seedling growth of the plant under high salt stress conditions (Fig. 4) . Although it is not clear at this stage whether CsPIP1;1 and CfPIP2;1 directly influence the responses of Arabidopsis plants to dehydration and salt stresses, it is highly likely that the altered expression of 13 PIP genes in Arabidopsis by the ectopic expression of CsPIP1;1 or CfPIP2;1 is responsible for the responses of Arabidopsis plants to dehydration and salt stresses.
Collectively, our results demonstrate that the ectopic expression of a foreign aquaporin gene in a given plant perturbs differently the natural expression patterns of endogenous aquaporin genes depending on particular stress conditions, implying that the up-regulation and/or down-regulation of aquaporins and their integrated functions are crucial to the maintenance of proper water balance under stress conditions. It appears that the investigation of possible interactions between different aquaporin isoforms is of critical importance to uncover the physiological roles of aquaporins in plants under different environmental stress conditions.
Materials and Methods

Plant materials and stress treatments
Seeds of the cucumber (C. sativus L.) and figleaf gourd (C. ficifolia Bouche`) plants were germinated in the dark at 27 AE 28C, and 4-day-old seedlings were transferred to incubators containing modified nutrient solution (Cooper 1975) . The cucumber and figleaf gourd plants were grown at 27 AE 28C with 60% constant relative humidity with a 13 h light/11 h dark photocycle under a light intensity of 300 mmol m À2 s
À1
. Two-week-old cucumber and figleaf gourd seedlings were subjected to stress treatments. For cold stress treatment, the seedlings were incubated in a growth chamber maintained at 8 AE 28C. For high salinity or dehydration stress treatments, the seedlings were incubated for the indicated time period with their roots submerged in nutrient solutions containing either 100-250 mM NaCl or 200-400 mM mannitol, respectively, within a growth chamber.
Gene isolation, vector construction and plant transformation
The cDNAs encoding aquaporin were isolated from the cDNA library essentially as previously described (Jang et al. 2007a) . Partial DNA sequences for the aquaporin were obtained from the massive sequencing analysis of the genes expressed in cucumber and figleaf gourd, and these partial DNA sequences were used as a probe to screen 5 Â 10 6 plaques of the cucumber and figleaf gourd cDNA libraries. The cDNA clones hybridized to the probe were subjected to in vivo excision, and the DNAs were sequenced. To generate the expression vector constructs, the coding regions of CsPIP1;1 and CfPIP2;1 cDNA were prepared by PCR and ligated into pGEM T-easy vector (Promega, Madison, WI, USA). The vector was then digested with XbaI and BamHI, and the DNA fragment was subcloned into the pBI121 vector linearized via double digestion with the same restriction enzymes. All DNA manipulations were conducted according to the standard procedures (Sambrook et al. 1989) , and the PIP-coding regions and junction sequences were verified by DNA sequencing. Arabidopsis was transformed according to the vacuum infiltration method (Bechtold and Pelletier 1998) , using Agrobacterium tumefaciens GV3101. The seeds were harvested and plated on kanamycin (50 mg ml
À1
) and carbenicillin (250 mg ml
) selection media to identify the transgenic plants. After the further selection of transgenic lines with a segregation ratio of 3 : 1, the T 3 or T 4 homozygous lines were used for the phenotypic investigations.
Germination and seedling growth assays under stress conditions
Arabidopsis seeds from individual plants grown under identical environmental conditions were used for germination and seedling growth assays. Germination assays were conducted on three replicates of 20-30 seeds. The seeds were sown on half-strength Murashige and Skoog (1962) (MS) medium supplemented with 1.5% sucrose, and the plates were kept in darkness at 48C for 3 d, then transferred to normal growth conditions. Arabidopsis was grown at 23 AE 28C under long-day conditions (16 h light/8 h dark photocycle) with a light intensity of 100 mmol m À2 s
À1
. To determine the effects of salt or dehydration stress on germination, the medium was supplemented with various concentrations of NaCl ranging from 50 to 150 mM, or mannitol in a concentration range of 200-400 mM, respectively. To determine the effect of cold stress on germination, seeds were germinated in an incubator maintained at 11-158C under white light. A seed was considered to have germinated when the radicle protruded through the seed coat. To determine the effects of salt or dehydration stress on seedling growth, 3-day-old seedlings germinated in normal MS medium were transferred to media supplemented with various concentrations of NaCl or mannitol, and seedling growth was monitored for 10-20 d. To evaluate the effects of cold stress on seedling growth, the seeds were permitted to germinate fully under normal growth conditions, and the seedlings were then transferred to an incubator maintained at 11-158C. The plates were positioned vertically within a growth chamber, and the lengths of roots were measured under these stress conditions.
RNA extraction, RT-PCR and real-time RT-PCR
Total RNA was extracted from the frozen samples using the Plant RNeasy extraction kit (Qiagen, Valencia, CA, USA). A 1 mg aliquot of total RNA was used in an RT-PCR system (Qiagen) together with gene-specific primers. The gene-specific primers for the quantification of the RNA transcripts were as follows: for CsPIP1;1, forward primer 5 0 GGTGGAGCTAACGT TGTGAGCGAC 3 0 and reverse primer 5 0 GGCGCTACGTTTAG CATCAGTGG 3 0 ; for CfPIP2;1, forward primer 5 0 CAGAAGGG TCTCTATCATCGCTACG 3 0 and reverse primer 5 0 TGGGATC TGTAGCAGAGAAGACAGTG 3 0 ; for Actin, forward primer 5 0 GGTAACATTGTGCTCAGTGGTG 3 0 and reverse primer 5 0 AACGACCTTAATCTTCATGCTGC 3 0 . The real-time quantification of RNA targets was conducted in a Rotor-Gene 2000 real-time thermal cycling system (Corbett Research, Sydney, Australia) using the QuantiTect SYBR Green RT-PCR kit (Qiagen) as described previously (Kim et al. 2005) . The genespecific primers employed in real-time RT-PCR analysis of 13 PIP members were as described before (Jang et al. 2004 ).
Oocyte swelling assay
The cDNAs for CsPIP1;1 and CfPIP2;1 subcloned into the Xenopus laevis oocyte expression pNBC vector were digested with NotI, and the capped RNA transcripts of CsPIP1;1 and CfPIP2;1 were synthesized in vitro using the RiboMAXTM Large Scale RNA Production System (Promega). The mature oocytes were isolated from adult X. laevis and stored in ND96 buffer (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1.0 mM MgCl 2 , 5 mM HEPES, 2.5 mM Na-pyruvate, pH 7.4) containing streptomycin (10 mg ml
À1
). The follicular cell layer was removed via 2 h of incubation with 2 mg ml À1 of collagenase in ND96 buffer at 258C with continuous gentle agitation. The defolliculated oocytes were injected with 50 nl of cRNA (1 mg ml À1 ) or water using an injector. The oocytes were incubated for 3 d at 188C in ND96 buffer prior to the taking of water permeability measurements. Individual oocytes were transferred from ND96 buffer to an ND96 buffer diluted 5-fold with distilled water, and oocyte swelling was characterized under a microscope at 20 s intervals. The osmotic permeability coefficient (P f ) was calculated using the equation (Zhang and Verkman 1991) .
Statistical analysis
Data were square root-transformed prior to analysis, and differences in T w 1=2 and gene expression levels between the wild-type and transgenic plants were compared by t-test (P 0.05; SigmaPlot software; Systat Software, Inc.).
